Vps29 is the smallest subunit of retromer complex with metallo-phosphatase fold. Although the role of metal in Vps29 is in quest, its metal binding mutants has been reported to affect the localization of the retromer complex in human cells. In this study, we report the structural and thermodynamic consequences of these mutations in Vps29 from the protozoan parasite, Entamoeba histolytica (EhVps29). EhVps29 is a zinc binding protein as revealed by X-ray crystallography and isothermal titration calorimetry. The metal binding pocket of EhVps29 exhibits marked differences in its 3-dimensional architecture and metal coordination in comparison to its human homologs and other metallo-phosphatases. Alanine substitutions of the metal-coordinating residues showed significant alteration in the binding affinity of EhVps29 for zinc. We also determined the crystal structures of metal binding defective mutants (D62A and D62A/ H86A) of EhVps29. Based on our results, we propose that the metal atoms or the bound water molecules in the metal binding site are important for maintaining the structural integrity of the protein. Further cellular studies in the amoebic trophozoites showed that the overexpression of wild type EhVps29 leads to reduction in intracellular cysteine protease activity suggesting its crucial role in secretion of the proteases.
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Vps29 is the smallest subunit of retromer complex with metallo-phosphatase fold. Although the role of metal in Vps29 is in quest, its metal binding mutants has been reported to affect the localization of the retromer complex in human cells. In this study, we report the structural and thermodynamic consequences of these mutations in Vps29 from the protozoan parasite, Entamoeba histolytica (EhVps29). EhVps29 is a zinc binding protein as revealed by X-ray crystallography and isothermal titration calorimetry. The metal binding pocket of EhVps29 exhibits marked differences in its 3-dimensional architecture and metal coordination in comparison to its human homologs and other metallo-phosphatases. Alanine substitutions of the metal-coordinating residues showed significant alteration in the binding affinity of EhVps29 for zinc. We also determined the crystal structures of metal binding defective mutants (D62A and D62A/ H86A) of EhVps29. Based on our results, we propose that the metal atoms or the bound water molecules in the metal binding site are important for maintaining
Introduction
Entamoeba histolytica, a causative agent of amebiasis in humans, is an enteric protozoan parasite which is responsible for an estimated 35-50 million cases of symptomatic disease and approximately 100,000 deaths annually (Haque et al., 2003) . Pathogenesis of the disease is due to the ability of the parasite to lyse the host cells. Entamoeba possesses several virulence factors important for its cytotoxic potential including Gal/GalNAc lectin, amoebapores, cysteine proteases (CPs) and various membrane proteins which are still uncharacterized (Ralston and Petri, 2011; Li et al., 1995; Lidell et al., 2006; Andra et al., 2003) . The existence of more than 50 CPs with differential substrate specificity including mucins, collagen, proteoglycan and laminin represents a presence of a remarkably complex network of CPs requiring a highly regulated vesicular trafficking system in Entamoeba (Li et al., 1995; Lidell et al., 2006; Andra et al., 2003) . The transport of CPs in Entamoeba has been suggested to be regulated by retromer complex (Nakada-Tsukui et al., 2005) .
The retromer complex, a vital element of the endosomal protein sorting machinery is highly conserved across all eukaryotes and involved in the recycling of several membrane receptors in mammals (Seaman, 2005) . In Entamoeba, retromer is known to be associated with maintenance of cysteine protease pool which is important for its pathogenesis and virulence (Nakada-Tsukui et al., 2005) . Retromer is a peripheral membrane protein complex which consists of two sub-complexes, a membrane recognizing SNX complex and cargo recognition Vps trimer (Seaman et al., 1998) . The core of retromer possesses three subunits, Vps26, Vps35 and Vps29. In Entamoeba, there is an evidence of existence of all the three Vps trimer subunits (Loftus et al., 2005) . Amoebic Vps35 and Vps29 shares 22-27% and 35-56% sequence identity respectively with mammalian counterparts (Nakada-Tsukui et al., 2005) . The amoebic retromer is not characterized in terms of structure, function and its essential role in amoebic pathogenesis inspite of having similar core machinery to mammalian retromer.
Crystal structure of mammalian Vps29 reveals that it has metallo-phosphatase fold with di-nuclear metal center (Hierro et al., 2007; Collins et al., 2005; Wang et al., 2005) . The phosphoesterase activity in human Vps29 has been reported against the synthetic peptide containing di-leucine motif of CIMP6R (Damen et al., 2006) . On the other hand no activity has been detected in mouse Vps29 using neither the chemical based substrates nor the CIMP6R based synthetic peptide (Hierro et al., 2007; Collins et al., 2005) . Hence, the phosphatase activity of the protein is still questionable. Here, we have investigated metal binding properties of the protein. The metal-coordination in Vps29 is similar to many other posphoesterases except with the swapping of aspartate/ asparagine and the replacement of catalytic His with Phe. Though, the mammalian homolgs of Vps29 shares the conserved metal-binding residues, the higher eukaryotes such as yeast and Caenorhabditis elegans shows some variations (Collins et al., 2005) . Although, Vps29 coordinates metals in similar manner as many other phophoesterases does, its specificity as well as its role is not well defined (Wang et al., 2005) . Previous studies suggest that although metal is not required for its interaction with Vps35 in vitro but the localization of retromer on to the endosomes is affected upon expressing the mutant of metal binding residues in HeLa cells (Hierro et al., 2007) . Furthermore, in vitro mutations in the metal binding pocket have been reported to cause lower expression and protein aggregation (Collins et al., 2005) . Based on these observations, the metal is believed to be important for maintaining the stability as well as integrity of the protein, although its involvement in phosphoesterase activity and in function in vivo is in quest (Collins et al., 2005; Hierro et al., 2007) .
In the present work we have studied the metal binding specificity of EhVps29. We employed the site directed mutagenesis and isothermal titration calorimetry (ITC) approach to decipher the thermodynamics of metal binding. We further demonstrated the molecular basis of metal binding using X-ray crystal structure of wild type EhVps29, metal bound structure and its metal binding mutants (D62A and D62A/H86A).We have also investigated the functional implication of these mutants in Entamoeba with the in silico and cell based studies.
Results

EhVps29 preferentially binds to divalent metal Zn
11
The presence of conserved metal binding pocket similar to metal-dependent phosphatases in all the mammalian Vps29 homologs, suggests that it binds to metal (Collins et al., 2005; Wang et al., 2005) although its functional implication is not yet defined. The available structures of Vps29 with different metals (Mn 11 , Zn 11 ) present ambiguity on its preference for specific metals because these studies did not identify the metal ions bound to the native Vps29 (Swarbrick et al., 2011) and hence, the metal specificity in this protein is still dubious. To characterize the metal binding in amoebic Vps29, we have cloned the gene and expressed in E. coli. The recombinant protein was purified by two-step purification consisting of affinity and size-exclusion chromatography. Gel filtration chromatogram revealed that the purified protein exists as monomer (Supporting Information Fig. S1 ). In order to understand whether EhVps29 has any metal specificity, we carried out extensive interaction studies with several metals (Mg 11 , Mn 11 , Zn 11 and Ca
) using ITC. Interestingly, we detected the binding of EhVps29 with only zinc metal but we cannot rule out that its binding to other tested metals is very weak that cannot be detected in ITC. As shown in Fig. 1 , EhVps29 binds to zinc ion with an association constant of 2.9 3 10 6 M
21
. Overall Zn 11 binding to EhVps29 is spontaneous and favored by both enthalpic as well as entropic factors. Thermodynamic parameters for the interaction are provided in Table 1 . Our study suggests that similar to mammalian Vps29, amoebic Vps29 is a zinc binding protein and it has at least 100 fold higher affinity for zinc compared to its mammalian homolog (Swarbrick et al., 2011; Damen et al., 2006) .
Structural analysis of EhVps29 and its complex with zinc
To further understand the molecular basis of zinc binding in EhVps29, we have determined the crystal structure of EhVps29 as well as its complex with metal. The crystal structure of recombinant wild type EhVps29 was solved by molecular replacement to a resolution of 1.86 Å using the atomic coordinates of human Vps29 (PDB ID:1W24) (Wang et al., 2005) . Data collection and refinement statistics are summarized in Table 2 . In the crystals, there are two molecules of EhVps29 in an asymmetric unit. Superposition of molecule A on molecule B yielded a root mean square deviation (r.m.s.d) of 0.37 Å at Ca positions, reflecting their close similarity. The overall structure of EhVps29 consists of two b sheet and three a helices, adopting a four layered a-bb-a sandwich fold ( Fig. 2A) and is similar to its other homologs. A DALI (Holm and Rosenstrom, 2010) search using the monomer of EhVps29 structure revealed that it has structural similarity to Vps29 homologs from different organisms as well as to several members of metallo-phosphoesterases family with r.m.s.d's ranging from 1.0 to 3.2 Å at Ca positions (Fig. 2B , Supporting Information Table S1 ).
The structure of wild type EhVps29 with zinc was obtained by soaking the crystals with 4 mM of ZnCl 2 for 30 min. The structure was solved by molecular replacement using the atomic coordinates of wild type EhVps29 structure (PDB ID: 5XCE) to a resolution of 2.85 Å resolution. Data collection and refinement statistics are summarized in Table 2 . The final model consists of two molecules in the asymmetric unit with a r.m.s.d of 0.5 Å at Ca positions. The presence of zinc was confirmed by an X-ray fluorescence scan. Electron density (F o -F c ) map contoured at 5.5 r level clearly showed density for two zinc ions in each molecule in the asymmetric unit (Fig. 3A) . The overall structures of the wild type and metal bound EhVps29 are similar with the r.m.s.d value of 0.7 Å at Ca positions.
In the metal-bound structure, the zinc atoms interact with the residues, Asp8, Asn39, Asp62, His86, His115 and His117 (Fig. 3B) . The sequence alignment reveals that these residues are highly conserved and are also involved in metal binding among the structural homologs (Fig. 2B) . The imidazole ring of conserved His10 residue which has been shown to make direct contact with the metal in mammalian Vps29 homologs as well as in other metallo-phosphatases, is not a metal ligand in EhVps29. The His10 imidazole ring is flipped away from the metal binding pocket, perhaps due to the conformational change in the loop between the a1 helix and b1 strand (Fig. 3C , Supporting Information Table S2 ). The difference (F o -F c ) omit map for the region (H10-H13) is shown in the Fig. 3D . The flipped orientation of His10 side chain is observed in both the molecules of the protein in an asymmetric unit.Thus, the flipping of H10 residue away from the metal binding pocket represents a distinctive feature of EhVps29.
Despite the overall structural similarity between the wild type and zinc-bound structure; we observed local structural differences in the metal binding pocket (Fig.  3E) . In comparison to the wild type EhVps29 structure, we observed r.m.s.d of 0.7 Å at Ca position (170 atoms), 0.5 Å in the metal binding pocket and the side chain r.m.s.d of the metal binding residues varies from 0.5 to 0.8 Å in the metal bound structure. Structural comparison of metal binding pocket of EhVps29 with the structural homologs reveals that major structural differences occur in the His10 and Phe63 residues in the metal-bound structure as shown in Fig. 3E . The deviation in local positioning of these two residues is maximum in the metal-bound (Zn
11
) structure because of the major change in the chi1 and chi2 values (Supporting Information Table S3 ). Structural superposition of the metal-bound (Zn 11 ) structure of EhVps29 with metal-bound structure of mouse Vps29 (3PSO, unpublished and 1Z2W) (Collins et al., 2005) and 
. The ITC titrations were carried at 258C as described in method section. In all experiments, integrated heats were obtained from raw data after the subtraction of the heat of ligand dilution. Implication of metal binding to EhVps29 in retromer function 565 2005) and 1W24 respectively (Wang et al., 2005) . Interestingly, Phe63 from EhVps29 exactly superposed on to Asn60 of phosphodiesterase from Methanococcus jannaschii which has been shown to have phosphatase activity (Chen et al., 2004) (Fig. 3C ).
In-depth, analysis of metal binding pocket from both wild type and metal-bound structures reveals that the metals are replaced by the water molecules in the wild type structure. The water at position W270 and W266 in the metal binding pocket of the wild type structure are exactly superposing on to the zinc ions in the wild type meta-bound structure Fig. 4A .
We found four water molecules SW1 (W281), SW2 (W266), SW3 (W270) and SW4 (W207) in the metal binding pocket of wild type structure (difference map contoured at 3 r level). The two structured water molecules SW2 (W266) and SW3 (W270) represent the metal positions in wild type structure (Fig. 4B) . Further, analyzing the B-factor values, we found that these water molecules have lower B-factor than the average B-factor of others (30 Å 2 ), suggesting that the waters at these positions are structured and relatively less mobile. These highly ordered water molecules are stabilized via interactions with the conserved residues in the metal binding pocket (Supporting Information Table S4 ). Moreover the altered disposition of His 10 side chain is stabilised by network of water molecules (W243, W230 and W303) (Fig. 4B) . Unfortunately, we did not observe the water molecules in metal bound structure due to limited resolution.
We also observed an extended network of water molecules in the wild type EhVps29 structure juxtaposed between two b sheets (Fig. 4C ). This network of water molecules span a distance of 14.6 Å between the main chain carbonyl group (CO) of His117 in the metal binding pocket and Glu175 residue from b11. The water molecules in this extended network are stabilized by the interactions with the amino acid residues that are mostly hydrophilic in nature and conserved among the Vps29 A. The ribbon representation of wild type EhVps29 monomer structure overlaid with the human Vps29 (PDB ID: 1W24). Secondary structure elements are labeled. Central b-sandwich and a-helices in EhVps29 are shown with magenta and cyan color respectively while hVps29 is shown with blue color. B. Sequence alignment of EhVps29 with its structural homologs (Mm, Mus musculus; Hs, Homo sapiens; Cp, Cryptosporidium parvum and Mj, Methanococcus jannaschii), showing secondary structure and conserved residues (highlighted red). The residues important for the metal binding and activity are marked with blue and red asterisk respectively. A. Structural superposition of metal binding pocket of the wild type EhVps29 (cyan) onto the wild type metal bound (gray) structure, showing the identical occupancy of waters and the metals (Zn
). Zinc ions in metal bound structure and waters in wild type structure are shown as cyan and green spheres respectively. B. Stabilization of metal binding pocket by water molecules in the wild type EhVps29 structure. Water molecules are shown as cyan sphere. The figure represents the interaction of metal binding residues Asp8 (OD1), Asn39 (ND2), Asp62 (OD1 and OD2), His86 (NE2), His115 (ND1) and His117 (NE2) with the water molecules (W270, W281, W266 and W207). The side chain of the flipped H10 further makes polar contacts with three water molecules (W230, W243 and W303). C. The presence of water channel in EhVps29 structure. The extended network of water molecules is shown as connecting red spheres starting from Glu175 to His117. The amino acid residues, at one side of the water channel are colored as magenta and on the other side as blue color. The distance travelled by the water channel is marked with an arrow.
homologs. Despite the sequence and structure conservation, the water channel is only evident in EhVps29.
Cumulative role of the zinc-coordinating residues in metal binding to EhVps29
Structure of wild type EhVps29 with Zn 11 showed that D8, N39, D62, H86, H115 and H117 are in direct contact with the zinc atoms. In order to understand the thermodynamic contribution of the each residue, we made alanine substitution for all the metal-coordinating residues using site directed mutagenesis and investigated for zinc binding using ITC. The mutants showed significant variation in binding affinity (K a ) compared to wild type EhVps29, ranging from 5 to 64 folds (Table 1 ). The mutants also exhibited discrepancy in thermodynamic parameters of metal binding. The maximum change in binding affinity for zinc was observed for H117A mutant and D62A/H86A double mutant by a factor of 64 and 54 folds respectively.
Interestingly, the mutation at H10 for which the side chain points away from the metal binding site altered its affinity toward the metal by at least 20 folds. As it is evident from Implication of metal binding to EhVps29 in retromer function 569 started crystallizing them. We were successful in crystallizing two of the mutants, D62A and D62A/H86A. The structure of both the mutants was solved by molecular replacement using the atomic coordinates of the wild type EhVps29 (PDB ID: 5XCE) and refined to 1.85 and 2.2 Å resolution respectively. Data collection and refinement statistics are summarized in Table 3 . In both the structures, there are two molecules in the asymmetric unit similar to the wild type structure. The r.m.s.d between the chain A and B in single (D62A) and double mutant (D62A/H86A) structure are 0.50 Å and 0.52 Å at Ca positions respectively. For both, single and double mutants, chain A was found to be well ordered than chain B as reflected from their average B factors and hence used for further analysis. Overall structures of both the mutants were found similar to the wild type EhVps29. The structural superposition of the single (D62A) and double mutant (D62A/ H86A) structure on to the wild type metal bound (Zn changes occurred in the metal binding pocket among the mutants (Supporting Information Table S3 ). Similar to the wild type EhVps29 structure, we observed four water molecules in the metal binding pocket of single (SW1-W293, SW2-W283, SW3-W325 and SW4-W344) and double mutant (SW1-W264, SW2-W231, SW3-W263 and SW4-W297). These water molecules are exactly superimposable on the water molecules of wild type structure (SW1, SW2, SW3 and SW4) which further confirm that these four water molecules in metal binding pocket are structured, less mobile and invariant. Similar to wild type structure, the water molecules, SW2 and SW3 in the single and double mutant structure corresponds to the zinc ions in the wild type metal-bound (Zn 11 ) structure (Fig. 5A) . Thus, compared to the metal-bound structure, the metal positions in the wild type and mutant structures are occupied by water molecules. Earlier, we have shown that (Fig. 4A) , there are no water molecules in the metal bound (Zn 11 ) structure of EhVps29 at the positions equivalent to the SW1 and SW4 of wild type, single and double mutant structure. In order to understand whether occlusion of the structured water molecule is due to steric hindrance caused by the metal atoms, we performed energy minimization using discovery studio. Energy minimized structures when superimposed on to the wild type and mutant structures revealed subtle conformational changes in metal binding residue. However, no short contacts were noticed between the metals and the SW1 and SW4, the other two structured water molecules. It clearly indicates that the structured water molecules are very stable. The crystal structure of D62A mutant of EhVps29 reveals that mutation at D62 resulted in the loss of its side chain (OD2) interaction with one of the conserved water molecule (SW4) but the interaction was substituted by a polar contact with W345 (Fig. 5B) . Thus, we observed an additional water molecule (W345) in its metal binding pocket. Similarly, in double mutant (D62A/ H86A) structure, the structured water (SW4) lost the interaction with the side chain of D62 (OD2). In addition to that, structured water SW4 further makes contact with the two additional water W309 and W315 (Fig. 5C) . Thus, we found that the resulted loss of interactions due to mutations are partially compensated by bridging with additional water molecules in both the mutant structures i.e. W345 in case of single mutant (D62A) while W309 and W315 in case of the double mutant (D62A/H86A). The water channel is also evident in both the mutant structures. In double mutant structure, one water molecule is missing from the water channel which might be due to limited resolution of the data (2.2 Å ).
Metal binding residues of EhVps29 do not contribute to its binding with EhVps35
The crystal structure of human Vps29-Vps35 revealed that C-terminus of Vps35 (459-757) interact with Vps29 (Hierro et al., 2007) . EhVps35 C-terminal (459-757 amino acids) shares sequence identity ranging from 11 to 23% with the structural homologs (Fig. 6A) . In order to understand the interaction of metal binding residue of EhVps29 with EhVps35, we did the modeling of EhVps35 C-terminal as no crystal structure has been reported yet. Further to investigate the function of protein-protein interactions in biological process, protein-protein docking was performed between the crystal structure of metal bound EhVps29 (PDB ID: 5XCH) and modeled EhVps35 C-terminal. Top ten models were chosen according to the docking score and simultaneously the sub-complex (EhVps29-EhVps35) was qualitatively visualized in PyMol. All the sub-complexes have lower r.m.s.d (less than 0.4 angstrom) with the human Vps29-Vps35 structure (PDB ID: 2R17) which suggests that the selected model for the analysis is correct. The docking studies revealed that metal binding residues of EhVps29 are not involved in the interaction with EhVps35 (Fig. 6B) . Furthermore, by analyzing the EhVps29-EhVps35 interface, we identified that interaction was mostly dominated by the hydrophobic residues and lesser extent to the hydrophilic residues (Fig. 6B ).
EhVps29 localizes onto the phagosomes and its overexpression leads to reduction in intracellular cysteine protease activity in Entamoeba
Earlier it has been demonstrated that the retromer component Vps26 is localized in the cytosol and occasionally associated with the vacuolar membrane in steady state (Nakada-Tsukui et al., 2005) . Furthermore, a fraction of Vps26 has been shown to translocate to phagosomes during phagocytosis (Nakada-Tsukui et al., 2005; Picazarri et al., 2015) . But till date, there is no study on localization of Vps29 in Entamoeba. In order to investigate whether EhVps29 also localizes on to the phagosomes, we made a stable cell lines expressing the HA-Vps29 wild type. We examined the localization of HA-Vps29 wild type by indirect immunofluorescence assay (IFA) of the amoeba cultured with or without CHO cells for 15 min. Our IFA confirmed the previous finding and also showed good co-localization of Vps26 with HAVps29, both on the vacuolar membranes and in the cytosol (Fig. 7A, left panels) . After phagocytosis was initiated, some, but not all, phagosomes were decorated with Vps26 and importantly, all Vps26-positive phagosomes were also associated with HA-Vps29 (Fig. 7A , right panels).
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Our in silico results suggest that the metal binding to EhVps29 does not affect its association with EhVps35 (Fig. 6B) . We further validated this observation by performing the cell based studies in amoebic trophozoites expressing the metal binding mutants (D62A, H86A, H117A and D62A/H86A) of EhVps29. Amoebic transformants expressing HA-tagged wild type Vps29 and the mutants were established and expression of the corresponding epitope-tagged proteins was confirmed by immunoblot analysis (Fig. 7B) . The HA-tagged wild type Vps29 and mutants were expressed at similar levels except for D62A, which showed lower expression than the other proteins (about 30% lower than wild type). Localization of HA-Vps29 wild type and HA-Vps29 mutants were examined by indirect immunofluorescence assay (IFA) of the amoeba cultured with or without CHO cells for 15 min. All the Vps29 mutants showed similar localization before and after phagocytosis to that of wild type Vps29 (Fig. 7C, upper panels) . This observation was also supported by the co-localization coefficients calculations (Fig.7C, lower panel) . Further, efficiency for the formation of retromer complex was examined by immunoprecipitation followed by immunoblot analysis. HA-tagged Vps29 wild type and mutants were pulled down with anti-HA antibody and the amount of bound Vps26 and Vps35 were estimated by measuring the band intensity of Vps26 and Vps35 (Fig. 8A) . The relative band intensity of Vps26 and Vps35 to that of immunoprecipitated Vps29-HA was calculated (Fig. 8B) . No significant difference was found in the efficiency of immuno-coprecipitation of Vps26 and Vps35 between Vps29 wild type and mutants. Thus, the metal binding ability of Vps29 does not apparently affect retromer complex formation.
Next, we asked whether metal binding to EhVps29 affects its function. Hence, we further analyzed the functionality of the retromer complex with Vps29 mutants by measuring cellular CP activity (Fig. 8C ). In our previous study (Nakada-Tsukui et al., 2005) , over-expression of Rab7A caused reduction of intracellular CP activity and the phenotype was restored by co-expression of Vps26, suggesting that perturbation of retromer complex formation affects CP activity, most likely via trafficking. Similarly, expression of HA-Vps29 wild type and all mutants caused reduction of CP activity (Fig. 8C) . Among all, D62A showed the least negative effect on reduction of CP activity, which may be explained by the lower expression level of D62A mutant (Fig. 7B) . Taken together, metal binding status of Vps29 in E. histolytica does not affect the function of Vps29.
Discussion
Metalloproteins selectively bind to different metals which are important either for its structural stability or its functionality. The metal selectivity in proteins is determined by nature, number and geometric arrangement of the metal binding residues as well as the size and charge of the metal binding pocket (Glusker, 1991; Foster et al., 2014) . Multiple in vitro studies have raised the ambiguity in the metal specificity of the metalloproteins. For several metalloenzymes, zinc has been reported as predominant cofactor because of its many desirable properties. Over the last few years, several zincdependent enzymes have been reclassified as cambialistic (Gantt et al., 2006; Gattis et al., 2010; Hernick et al., 2010; Chai et al., 2008; Huang et al., 2011; Zhu et al., 2003) . The available structures of mammalian Vps29 with different metals in fact added uncertainty to the existing understanding in metal specificity (Collins et al., 2005; Damen et al., 2006) . Though, in the current study, EhVps29 showed preference for zinc and the structure of EhVps29 complexed with zinc revealed that the coordination of divalent metal (Zn 11 ) in EhVps29 is similar to metallo-phosphatases and other mammalian Vps29 homologs, the possibility of binding of EhVps29 to other metals cannot be completely ruled out. Thus, the metal selectivity in Vps29 is still elusive. The role of water in proteins as a structural element involved in ligand coordination, stabilizing the active site and catalytic function is well known (Levy and Onuchic, 2006; Loris et al., 1999; Malin et al., 1991) . These structural waters have also been observed to be conserved within a protein family (Levy and Onuchic, 2006) and found in several classes of proteins including serine proteases, ribonucleases, MHC class proteins, aspartic proteinases and protein kinases (Loris et al., 1999; Malin et al., 1991; Sreenivasan and Axelsen, 1992; Ogata and Wodak, 2002; Prasad and Suguna, 2002; Bottoms et al., 2002) . We have also observed the four structured water molecules in metal binding pocket of wild type and mutant structures of EhVps29. Among these four, the two structured water molecules (SW2 and SW3) represents the metal position in metal-bound structure, Fig. 6 . Sequence alignment and protein-protein docking of metal bound EhVps29 (PDB ID: 5XCH) and modeled EhVps35.
A. Sequence alignment of C-terminus of EhVps35 with its homologs, the star (brown) shown in the figure represents the residues of HVPs35 interacting with HVps29. B. The EhVps29 (gray in color) (PDB ID: 5XCH) and EhVps35 C-terminal (raspberry in color) (modeled) are represented as surface diagram and the interface residues of EhVps29 (PDB ID: 5XCH) and EhVps35 are labeled. The metal binding residues and metals (Zn 11 ) in EhVps29 are shown as sticks and green spheres respectively. The metal binding pocket is circled with blue dashed line.
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suggesting that these metals can be substituted by waters in the metal binding site in the absence of metal. These two positions have also been observed to be occupied either by water or metal in the previously reported crystal structures of mammalian homologs of Vps29, PDB ID: 1Z2X (Collins et al., 2005) and 1W24 (Wang et al., 2005) . Thus, these two positions are highly conserved in Vps29 throughout the evolution of eukaryotes. We hypothesize that the presence of metal or water molecules at this position might be important for maintaining the geometry of the metal binding pocket which in turn could contribute to the overall stability of the protein. This observation is not rare in the field. Most of the enzymes have a defined three dimensional arrangement of side chains of the active site residues which maintain an appropriate size of the binding pocket (Glusker, 1991; Foster et al., 2014) . Maintenance of the size of this pocket does not only dictate its proper functioning but it might also be important for the stability of the protein. Moreover, the mutation of the conservative amino acid has also been reported to alter the conserved water molecule network and thereby the enzyme functions (Rodriguez-Almazan et al., 2008) . Therefore, we propose that any mutation at the metal binding site which might result in the loss of the invariant water molecules would destabilize the protein which in turn leads to aggregation. Apart from these two conserved water molecules, the metal binding pocket of native and mutant structures of EhVps29 harbours two additional invariant water molecules (SW1 and SW4). One of the additional invariant water molecules (SW1) in EhVps29 occupies the position identical to the H10 side chain in mammalian homologs. Thus, the flipping of conserved H10 residue away from metal binding pocket is peculiar feature found in EhVps29. Moreover, we have provided structural evidence for the presence of a water channel in EhVps29. Here, we propose that the water channel might be involved in substrate or ligand transportation to the active site. It might also have role in stabilization of the protein as it acts as a bridge between the two b sheets . The existence of water channel in proteins is prevalent. Earlier, the presence of tunnel and its role in the migration of water molecules into the active site has been proposed for phosphatase enzyme (3-deoxy-D-mannooctulosonate 8-phosphate) (Dhindwal et al., 2015; Oprea et al., 1997) .
All the metal binding mutants were able to interact with zinc, albeit with lower affinity and varied thermodynamics. In some of the mutants (D62A, H86A and D62A/H86A), we found that there is an entropic gain associated with enthalpy loss as compared to wild type. On replacement of aspartic acid by alanine, there is a decrease in enthalpy with an increase in entropy as the complex is no longer that tight as compared to wild type which is also reflected in the K a value (17 fold less affinity). The change in entropy is also substantiated by the change in structure of D62A mutant of EhVps29 exhibiting differences in networking of the structured water molecules in the metal binding pocket. The water molecule which makes a direct contact with side chain of D62 in wild type structure is stabilized by an additional new water molecule in D62A mutant. Similarly, the structure of double mutant (D62A/H86A) showed two water molecules in the metal binding pocket. In the double mutant due to loss of interaction with side chain of D62A/H86A, the complex formed will show a further decrease in affinity of binding as reflected in the K a value (54 fold less affinity). The binding is significantly less spontaneous compared to wild type and also lesser than the other mutants. As the strong metal interaction with the side chains are replaced by weaker metal-water coordination, there is a decrease in enthalpy. The reduction in enthalpy is also due to loss of polar contact of D62 with structured water molecules while increase in entropy is a manifestation of involvement and movement associated with additional water molecules coupled with the fact that the complex is less tight. Amongst all the mutants, the single mutant H117A showed the highest reduction in affinity of binding (64 fold compared to wild type) being tenfold more than the double mutant. Based on the wild type structure, we identified that H117 imidazole ring (NE2) interacts with the SW1 and SW2. Additionally, H117 (ND1) makes interaction with the main chain (carbonyl oxygen) of A138 and Y139. On the basis of our results, we hypothesize that the mutation of H117 might lead to alterations in the organization of solvent molecules. However, it should be further validated by high resolution crystal structure analysis of the mutant (H117A) . Surprisingly, the H115A mutant exhibited thermodynamics comparable to wild type and H10A. The explanation for this is elusive at the moment with the distance between the metal-ligand being very crucial along with the redistribution of species following mutation. Overall the binding of zinc to Vps29 is dominated by van der Waals interaction, H-bonds and ionic interactions and is enthalpy controlled. It must however be mentioned that the stoichiometry of metal binding represents a conflict between X-ray structure data and ITC data. ITC data show a stoichiometry of one. It is possible that crystal formation is amenable only if complete metallation of protein takes place (Clugston et al., 2004) and ISSN 1559-0836] . Previous studies indicate that the mutation of the metal binding residues in mammalian Vps29 leads to lower expression and protein aggregation (Collins et al., 2005; Hierro et al., 2007; Wang et al., 2005) . Although, we were able to purify some of the mutants of EhVps29 in its monomeric form (D62A, H86A, H115A and H117A), two of them (N39A, D8A) showed completely aggregated population. All the double or triple mutants except D62A/H86A were found to exist as aggregates (Table 1 , Supporting Information Fig. S1 ). In line with the previous reports, our data also indicates that the metal binding pocket might be important for the stability of the protein. Further, our in silico studies also suggest that the metal binding residues of EhVps29 do not affect its binding with EhVps35. Earlier, in vitro studies also showed that interaction of mouse Vps35 and Vps29 does not require metal while mutations at the metal binding pocket were shown to affect the localization of retromer complex on to the endosomes in HeLa cells (Collins et al., 2005) . This prompted us to study the effect of these mutations on retromer function in the amoeba. Contrary to mammalian Vps29, the metal binding mutants of EhVps29 neither affected the localization of retromer complex on to the phagosomes nor did it alter the intracellular cysteine protease activity in the amoebic trophozoites. Thus, we propose that metal binding to EhVps29 might not be required for the retromer function in the Entamoeba.
Although, the metal binding status of EhVps29 does not affect its localization and association with retromer, the reduction in intra cellular CP activity upon it's over expression in Entamoeba was surprising to us. Unlike EhVps29, the total CP activity remains unaltered in EhVps26 over expressing amoebic transformants (Nakada-Tsukui et al., 2005) . Over expression of one of the subunit from multi-subunit complexes either leads to disruption of complex formation by competing with their endogenous population for the other subunits or results in reduced functioning of the complex by titrating out the key regulatory binding partners (Echeverri et al., 1996) . Our immunoprecipitation and immunofluorescence data clearly indicates that over expression of EhVps29 does not disturb its association with endogenous EhVps26/ EhVps35 and consequently the assembly of retromer complex on the phagosomal membrane remains unaltered. Thus, we propose that the excess of EhVps29 perhaps titrate out some of the key regulatory factors required for retromer functioning in Entamoeba and hence lead to decrease in CP activity. Thus, the differential phenotype observed upon over expressing the different subunits from the same complex lead us to hypothesize that both the subunits plays a distinct regulatory role in regulating the retromer assembly and function in Entamoeba.
Experimental procedures
Cloning and generation of mutant of EhVps29
EhVps29 was cloned into bacterial cloning vector pET28a within Nco1 & Xho1 restriction site. Protein was expressed as a fusion protein with 6x-histidine tag at C-terminus. A PCR-based method (Quick change mutagenesis Kit, Stratagene) was used to generate the mutants of EhVps29 (D8A, H10A, N39A, D62A, H86A, H115A, H117A, double mutants, D62A/H86A, D62A/H117A and the triple mutant D62A/H86A/H117A) using the primers having the desired mutations and plasmid encoding wild type EhVps29. Results were confirmed by DNA sequencing. To construct plasmids to express HA-Vps29 in E. histolytica trophozoites, the protein coding region of full-length wild type and mutant Vps29 proteins was amplified from myc-Vps29 expression vector pKT-M29 (Nakada-Tsukui et al., 2005) or His-Vps29 mutant Escherichia coli expression vectors (D62A, H86A, H117A and D62A/H86A) by PCR with primers containing SmaI and XhoI site at the 5 0 and 3 0 end respectively, and sub-cloned into a SmaI and XhoI-double digested pEhExHA vector (Nakada-Tsukui et al., 2012) .
Expression and purification of recombinant proteins
To express the recombinant proteins (wild type as well as the mutants of EhVps29), appropriate plasmids were transformed into Escherichia coli BL21 (DE3) cells. Recombinant strain was cultured in luria broth medium supplemented with 100 mg ml 21 kanamycin and induced at an OD 600 of 0.6 with the addition of 0.25 mM isopropyl 1-thio-Dgalactopyranoside and incubated overnight at 168C. Harvested cells were resuspended in 50mM Tris-HCl (pH 8.0), 300 mM NaCl supplemented with 5 mM b-mercaptoethanol and 1% triton X-100. Cells were lysed by sonication with the addition of protease inhibitor cocktail (10 mg ml
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) and 200 mM PMSF (phenylmethylsulfonyl fluoride). Cell lysate was centrifuged at 15,000 rpm, 48C for 45 min and the supernatant was loaded onto a Ni-NTA (Qiagen) equilibrated with 50 mM Tris-HCl (pH 8.0) and 300 mM NaCl. Finally, after successive washing with 50 mM Tris-HCl (pH 8.0), 300 mM NaCl and 20 mM imidazole protein was eluted with elution buffer having 300 mM imidazole, 50 mM Tris-HCl (pH 8.0) and 300 mM NaCl. The eluted fractions were pooled and buffer was exchanged with gel filtration buffer (25 mM Tris-HCl (pH 8.0), 150 mM NaCl, 5 mM bMercaptoethanol and 5% glycerol). The concentrated protein was loaded onto a Superdex 75 column (GE Superdex 75) equilibrated with gel filtration buffer. Fractions containing protein as revealed by SDS-PAGE were pooled and concentrated.
Isothermal titration calorimetry
ITC experiments were performed using Nano ITC (TA Instruments). All experiments were done in 20 mM HEPES (pH 7.4) and 100 mM NaCl. Proteins were purified by gel filtration chromatography in the same buffer prior to titration. Each experiment involved 25 injections of 1 ml ligand from syringe into protein sample in the main cell. For metal binding, 50 ml of 2 mM metal solutions were titrated with 50 mM protein at an interval of 3 min with a syringe rotating at 250 r.p.m. to ensure homogeneity. All solutions were filtered and degassed extensively prior to use. The heats of binding were determined by integrating the observed binding peaks Implication of metal binding to EhVps29 in retromer function 577 and subtracting the heats of dilution. The heat of dilution was measured by injecting the metal solution into the buffer. Thermodynamic parameters were obtained by fitting the experimental data to a one set of sites binding model (independent model) using Nanoanalyser software. The thermograms were analyzed by a curve fitting process in which nonlinear regression was used to fit the model to determine the best values of fitting parameters. The analysis yielded binding constant (K) and enthalpy of binding (DH). From these values free energy of binding was calculated from the equation DG 5 -RTlnK and entropy using the standard thermodynamic equation, DG 5 DH-TDS.
Crystallization and data collection
Crystals of wild type EhVps29 and its mutants (D62A and D62A/H86A) were obtained in Structural Screen 1(Molecular Dimension) containing 200 mM sodium acetate, 100 mM sodium cacodylate (pH 6.5) and 30% PEG 8K using the hanging drop vapour diffusion method at 188C. It was crystallized by mixing equal volumes of protein with reservoir solution. Successive micro seeding approach was employed to get the diffraction quality crystals. For metal bound structure, crystals obtained in Morpheus screen 47 (10% w/v PEG 20000, 20% v/v PEGMME 550, 0.02 M of alcohol MIX, 0.1 M MES/Imidazole pH 6.5) were soaked with 4 mM of zinc chloride for 30 min.
Data collection, processing and structure determination
To prevent radiation damage, crystals of wild type, wild type metal bound, single (D62A) and double mutant (D62AH86A) were equilibrated in a cryoprotectant containing 25% PEG8K (v/v) and then flash frozen in a 100 K nitrogen stream. Diffraction data was collected at BM14, the European Synchrotron Radiation Facility Grenoble, France, using a MAR225 CCD detector. The X-ray fluorescence scan identified zinc in the wild type crystals (soaked with 4 mM of zinc chloride) and diffraction data was collected at the Zn 11 peak wavelength (1.2 Å ). The intensity data of wild type, single (D62A) and double mutant (D62A/H86A) was indexed and scaled using DENZO and SCALEPACK in the HKL-2000 program suite (Otwinowski and Minor, 1997) . The wild type metal bound (Zn 11 ) data were processed and scaled using iMOSFLM (Battye et al., 2011) and SCALA module in the CCP4 suite (Dodson et al., 1997) .
The crystals of wild type, single (D62A) and double mutant (D62A/H86A) belong to the space group P2 1 and diffracted to a resolution of 1.86, 1.85 and 2.2 Å respectively. The wild type metal bound crystallized in the space group P3 2 and diffracted to a resolution of 2.85 Å .
Moreover, the diffraction data scaled in space group P2 1 and P3 2 were examined for the presence of possible twinning using the twin detection program, phenix.xtriage, in phenix suite (Phenix version 1.10.1-2155) (Adams et al., 2010) . The phenix.xtriage suggested a possibility of twinning in wild type metal bound (Zn 11 ), single (D62A) and double (D62A/H86A) mutant structure. The structure of wild type EhVps29 was solved by molecular replacement using human Vps29 (PDB ID: 1W24) (Wang et al., 2005) , as a search model with PHASER (McCoy et al., 2007) . The search model was converted into a poly-alanine model using the CHAINSAW (Dodson et al., 1997) . A total of 5% of the reflections were kept aside for the calculation of R free (Brunger, 1992) . Additional missing residues were manually modeled into the structure according to the 2F o -F c and F o -F c electron density maps. The structural model was further fitted and rebuilt with COOT (Emsley and Cowtan, 2004) and refined with PHENIX (Adams et al., 2010) .
Water molecules were manually added in COOT for peaks over 3.0 r in the F o -F c map. The structure of wild type metal bound (Zn 11 ), single (D62A) and double mutant (D62A/H86A) was solved using the coordinates of wild type EhVps29 (PDB ID: 5XCE). Stereochemistry and quality of the structure was monitored after each round of refinement using PROCHECK (Laskowski, 2001 ) and MOLPROBITY .
Model building
EhVps35 is 757 amino acid residues long and its structure is unknown. However, a BLAST search of the EhVps35 sequence against the protein data bank, identified a homolog from Homo sapiens (PDB ID: 2R17), with a sequence identity of 11%. The C-terminal residues (459-757 amino acids) of full length EhVps35 showed 23% sequence identity with the Homo sapiens (PDBID: 2R17). The C-terminal of EhVps35 was modeled by taking the coordinate of Homo sapiens (PDB ID: 2R17) using the Discovery Studio 4.0 (Eswar et al., 2008) and validated using standard tools.
Ten structures were generated for EhVps35 and model with the lowest value of the normalized discrete optimized protein energy (Sali et al., 1995) was chosen as the best model and consequently subjected to protein-protein docking.
Protein-protein docking
The protein-protein docking was performed using Discovery studio 4.0 by taking the coordinate of wild type EhVps29 metal bound (PDB ID: 5XCH) and modeled EhVps35 C-terminal. ZDOCK is an initial stage rigid body molecular docking algorithm that uses a fast Fourier transform (FFT) algorithm to improve performance for searching in translational space (Chen et al., 2003) . Both the structures were used to calculate the docking poses and the structures obtained were subjected to energy minimization using the smart minimize algorithm (Max steps 200, RMS gradient 0.01) in the Discovery studio 4.0.The resulting Z-dock scores with the highest value were used as appropriate conformational pose.
Amoeba transformant
To express HA-tagged Vps29 wild type and mutants in the amoebic trophozoites, the corresponding plasmids were introduced into trophozoites by lipofection, selected, and maintained in the presence of 10 mg ml 21 Geneticin, as previously described (Nozaki et al., 1998) . For selection of resistant cells, G418 was added at a concentration of 1 lg ml 21 at 24 h after transfection, and gradually increased for 2 weeks until the G418 concentration reached 10 lg ml
21
.
Indirect immunofluorescence assay
The indirect immunofluorescence assay was performed as previously described (Nakada-Tsukui et al., 2012) with slight modifications. Briefly, the amoebic transformants were harvested and transferred to 8-mm round wells on a slide glass, and then fixed with 3.7% paraformaldehyde in phosphate-buffered saline (PBS), pH 7.2, for 10 min. After washing, the cells were permeabilized with 0.2% saponin in PBS containing 10% bovine serum albumin (BSA) for 10 min, and reacted with a primary antibody diluted at 1:500 (anti-Vps26 rabbit antibody) or 1:500 (anti-HA mouse monoclonal antibody) in PBS containing 0.2% saponin and 1% BSA. After washing, the samples were reacted with Alexa Fluor 488-or 568-conjugated anti-rabbit or antimouse secondary antibody (1:1000) for 1 h. For phagosome staining, CHO cells were pre-stained with 10 lM Cell-Tracker Blue (Molecular Probes, Eugene, OR, USA) for 30 min and washed with BI-S-33 medium. Approximately, 1.5 3 10 5 amoeba cells were incubated with 3 3 10 5 of Cell-Tracker-stained CHO cells for 15 min. The samples were examined on a Carl-Zeiss LSM 780 con-focal laserscanning microscope. The images were further analyzed using ZEN software. Co-localization coefficients were calculated with ZEN software (Carl-Zeiss, Oberkochen, Germany). Co-localization coefficient values vary from 0 to 1 and e.g., the coefficient value of 0.5 implies that 50% of total pixels of a region of interest have both of two signals.
Immunoprecipitation
Approximately 1 3 10 7 trophozoites from HA-Vps29 wild type and mutant expressing transformants were harvested, washed, and lysed with 0.8 ml lysis buffer [50 mM Tris-HCl (pH. 7.5), 150 mM NaCl, 1% Triton-X100 and 0.5 mg ml 21 E-64, and complete mini EDTA-free protease inhibitor cocktail (Roche Applied Science, Penzberg, Germany). After centrifugation at 14,000 3 g to remove debris, the supernatant fraction was pre-cleared with 50 lL of protein G Sepharose (GE Health Care, Waukesha, WI, USA) and incubated with 50 ll anti-HA monoclonal antibodyconjugated agarose (Sigma-Aldrich, St. Louis, MO, USA) for 3.5 h at 48C. Immune complexes bound to the resin were washed three times with wash buffer (50 mM Tris-HCl (pH. 7.5), 150 mM NaCl and 1% Triton-X100) and then eluted by incubating the resin with 180 ll of 100 mg ml
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HA peptide (Sigma-Aldrich, St. Louis, MO, USA) in lysis buffer for 16 h at 48C. Eluted samples were subjected to SDS-PAGE and immunoblot analyses. Primary antibodies were used at a 1:100 dilution for anti-Vps26 antiserum (Nakada-Tsukui et al., 2005) , 1:500 for anti-Vps35 antiserum (Nakada-Tsukui et al., 2005) , and 1:1000 for anticysteine synthase 1 (CS1) antiserum (Nozaki et al., 1998) and anti-HA antibody in immunoblot analyses. The band intensities of immunoprecipitated Vps26, Vps35 and HAVps29 were measured using ImageJ software (https:// imagej.nih.gov/ij/).
CP assay
Approximately 1 3 10 5 amoebic transformants were lysed in 50 ll of PBS by 3 cycles of freezing and thawing, and debris was removed by centrifugation at 14,000 3 g for 5 min. After preincubation of 1 ll of lysate in 74 ll of assay buffer (0.1 M KHPO4 pH6.1, 1 mM EDTA, 2 mM DTT) at room temperature for 10 min, 25 ll of assay buffer containing 2.5 mM benzyloxycarbonyl-L-arginyl-L-arginine-4-methylcoumaryl-7-amide (z-Arg-Arg-MCA, Peptide Institute Inc., Osaka, Japan) was added and fluorescence signal emitted at 505 nm with excitation at 400 nm was recorded for 15 min. z-Arg-Arg-7-amino-4-frifluoromethylcoumarin (AFC) was utilized as a standard. Specific activities were expressed in mmol AFC produced per mg lysate protein.
The significance of the data was evaluated by Tukey's test.
Figure preparation
All figures were prepared using PyMOL (DeLano Scientific LLC, San Carlos, CA) and CCP4 mg (McNicholas et al., 2011) . The alignment figure was prepared using the programs ClustalW (Larkin et al., 2007) and ESPript (Gouet et al., 1999) .
